Emulsification has been widely used in the oil industry. The thermal stability of emulsified systems, such as emulsified gels or acids, is critical for the placement success of the emulsified system. Early separation of the system in a tubular well leads to corrosion. In the present study, the stability of emulsified polyacrylamide/polyethylenimine (PAM/PEI) gels is investigated in high-temperature and high-salinity (HTHS) environments. The influences of different parameters such as surfactant concentration, water-oil ratio, salinity, intensity of mixing and temperature on the droplet size and the emulsion thermal stability are studied. The droplet size of the PAM/PEI system, which is emulsified in diesel, decreases, and the separation time increases with increasing mixing speed, surfactant concentration, and salinity. The emulsions with smaller droplets are thermally stable compared with large droplets since the rate of droplet coalescence is low. The effect of emulsion stability on gelation kinetics and gel strength is investigated. The emulsification reduces both the gel strength and the gelation rate. The cross-linking (gelation) rate in the unemulsified PAM/PEI is almost ten times higher than that in the emulsified gels. This gelation process is slow in the case of stable emulsified PAM/PEI solution and is believed to be the result of limited heat and mass transfer. The emulsion stability achieved in this work adds to the current understanding of how to control emulsion stability through different parameters to withstand HTHS environments and how this stability influences the gelation process.
Introduction
Emulsification techniques have long been used in various fields (Anderson and Daniels 2003; Friberg et al. 2004; Dean et al. 2009; Kasapis et al. 2009; Osemeahon 2011; Rai and Pandey 2013) . In particular, emulsification has been broadly applied in different applications in the oil industry (Ebeltoft et al. 2001; Sayed et al. 2013; Al-Yaari et al. 2014) . Emulsification techniques were introduced in the oil industry through the use of emulsified acids in 1933. Emulsified acids were invented to address corrosion problems rather than to improve the stimulation job (Al-Mutairi et al. 2007 ). Thus, many researchers have comprehensively studied this technique to better understand the advantages and disadvantages of emulsified acids (Crenshaw and Flippen 1968; Navarrete et al. 1998; Al-Mutairi et al. 2009 ). Moreover, the stability and rheological properties of emulsified acids have been extensively investigated by studying the impact of different parameters such as surfactant concentration, dispersed-phase droplet size and acid volume fraction (see Sayed and NasrEl-Din 2011 and references therein) .
Emulsification has been used in drilling-fluid formulations (Lawhon et al. 1967; Patel 1999; Ebeltoft et al. 2001) , for drag reduction in multiphase flow (Al-Yaari et al. 2014) and well-stimulation applications (Al-Mutairi et al. 2007) , and in fracturing treatments for gas wells (Taylor and NasrEl-Din 2001) . A cost-effective emulsified xylene additive was developed to improve well productivity and prevent asphaltene deposition (Fattah and Nasr-El-Din 2010) , and emulsified chelating agents were developed for permeability enhancement (Sayed et al. 2013) . In addition to these applications, a new application of the emulsification technique in oilfields was proposed recently as a means of water control.
Water production is the primary waste stream associated with hydrocarbon exploration and production (Clark and Veil 2009) . Excessive water production has negative economic, technical, and environmental effects (Hibbeler and Rae 2005; Al Tolaihy et al. 2010) . Thus, shutting off or reducing water production is highly desirable. Polymer gels are commonly used for water control for coning problems or multilayered reservoirs (Sparlin 1976; Schneider and Owens 1982; Zaitoun et al. 1999; Kalfayan and Dawson 2004; Seright 2009; El-Karsani et al. 2015a, b) . However, the use of polymer gels is associated with a high risk of substantially reducing hydrocarbon production with the reduction in water and is accompanied with high operational costs. Stavland and Nilsson proposed pumping emulsified gels for a water shut-off field application (Stavland et al. 1997 (Stavland et al. , 2006 ; in this approach, a water-soluble polymer is emulsified into diesel. This system is intended to break into an oleic and a water phase. The oleic phase remains mobile to ensure an open channel for the flow of hydrocarbons, whereas the water phase gels, thereby restricting the flow of formation water.
The breaking and subsequent gelation of the emulsified gels are critical factors in gelant placement success. Thus, suitable separation and a longer gelation time are required, especially for high-temperature reservoirs, to avoid gelation in the tubing during the placement. Limited data have been reported regarding the formulation and stability of emulsified gels. In 2006, Stavland et al. studied the emulsification of polyacrylamide and tert-butyl acrylate (PAtBA) crosslinked with polyethylenimine (PEI) into diesel. The system was loaded into a test tube and then heated at 90 °C for a given time, and the relative viscosity of the water phase was subsequently measured at 25 °C. The gelation rate was compared with that of a reference cross-linked polymer (not emulsified). A slight increase in the gel strength was calculated when the standard cross-linked polymer was tested instead of the emulsified polymers, although no data on the gel strength were presented. A more cost-effective homopolymer, polyacrylamide (PAM), was found to be a suitable replacement for PAtBA (Al-Muntasheri et al. 2007; El-Karsani et al. 2015a, b) . In a recent publication, our group studied the gelation kinetics of an emulsified PAM/PEI system using a thermal analysis technique (Mohamed et al. 2015) .
A colloidal dispersion of two or more partially or completely immiscible fluids is known as an emulsion (Lachman et al. 1986; Becher 1996; Tamilvanan et al. 2016) ; i.e., a dispersed phase is suspended in an external (continuous) phase in the form of droplets. Hence, an emulsion is thermodynamically unstable in nature (Weiss 2002; Tamilvanan et al. 2016) due to the interaction between hydrophilic and hydrophobic molecules at the surface of each droplet. If an emulsifier is introduced into a 2-phase system, the system tends to stabilize and form a dispersed phase and a continuous phase since the emulsifier retards the breakage of the system through, for example, flocculation or coalescence (Becher 1996; Binks and Rocher 2009) . Droplets coalesce by creating three-dimensional (3D) cross-linked networks of aggregates on the surface of the droplets.
Emulsifiers are believed to be able to form a viscoelastic barrier (Guo et al. 2006) . The rigid interfacial films on the surface of dispersed-phase droplets in emulsions have been reported to prevent coalescence (Kokal 2005) . The stability of the emulsion depends on various parameters, including the external phase viscosity, water oil ratio (WOR), the presence of steric films on the droplets, the droplets' size, the physical nature of the interfacial film, mixing time and the temperature (Joshi et al. 2012) . The stability of the emulsion is associated with the quantity of emulsifier adsorbed at the interface. With the adsorption of more surfactant, the interfacial tension decreases and the emulsifier molecules act as a layer slowing the droplets' coalescence (Becher 1996; Joshi et al. 2012; Rai and Pandey 2013) . Moreover, water salinity has been established to play an important role in stabilization. For example, for oil in water (O/W), an increase in the water salinity (≥ 5000 ppm) resulted in a lower interfacial tension, as evidenced by the smaller double layer (Aveyard et al. 1989) . A further increase in salinity resulted in phase inversion to water in oil (W/O) (Winsor 1948) . Additionally, an inhomogeneous distribution of the dispersed droplets of an O/W emulsion was observed when the external phase salinity was increased from zero ppm to 5000 ppm; this phenomenon was found to be related to a passive interaction between the emulsifier and water charges (Al-Yaari et al. 2013a) . Conversely, at high salinity (≥ 20,000 ppm), enhancements were observed in both the W/O emulsion viscosity and the repulsive forces between the droplets of the dispersed phase (water). These enhancements led to an increase in the water droplets' double layer (Al-Yaari et al. 2013b ). This phenomenon has been proposed to be caused by an increase in the interfacial tension (Aveyard et al. 1989) . Moreover, an increase in water-dispersed droplets' film rigidity is expected when the aqueous-phase salinity is increased (Mclean and Kilpatrick 1997) . This argument is consistent with arguments in the literature (Al-Yaari 2013a). Furthermore, for W/O emulsions, the hydrophilicity of the medium will increase with decreasing salinity, leading to an increase in emulsion stability (Strassner 1968; Montserrat Fortuny et al. 2007) . It was observed recently that salt increases the stability of the emulsions by reducing the growth in the droplet size (Ling et al. 2018) . Emulsion stability is also linked to the intensity of mixing. For emulsified acids in the oleic phase, high shearing leads to a fine emulsion, whereas low shearing leads to a coarse emulsion. Moreover, the droplet size and the specific surface area were found to increase with increasing concentration of emulsifier and to decrease with increasing acid volume fraction (AlMutairi et al. 2007) .
Forming a stable emulsion to meet the requirements of oilfield applications is not a simple task due to the inherent instability of emulsions. Additionally, the applications are becoming increasingly demanding (HTHS), resulting in the necessity to develop a deeper understanding of the emulsification mechanism. The main goal of this work is to study the impact of different factors on the thermal stability of emulsified PAM/PEI gels and how thermal stability affects the emulsified gel kinetics and gel strength. Furthermore, the relationship between thermal stability and the emulsified gel droplet size is investigated.
Experimental studies

Materials
The surfactant ethoxylated amides (AkzoNobel) was used as an emulsifier; its chemical and physical properties are shown in Table 1 . Three types of brine were used for the water phase; the brine types and their corresponding concentrations of dissolved ions are shown in Table 2 . A representative diesel (814.6 kg/m 3 ) similar to that used in oilfields for preparing emulsified acids was used. Two aqueous polymer solutions supplied by SNF Florger, PEI as cross-linker and PAM, were used without further treatment. The physical and chemical properties of the polymers are reported elsewhere (El-Karsani et al. 2015a, b) .
Procedure and instrumentation
A high-performance dispersing homogenizer instrument (Ultra-Turrax T50 Basic) equipped with a variable-speed drive with six different speeds (500-10,000 rpm) was used to prepare the polymer gels and emulsified gels. The droplet size measurement was performed using a Leica DM2000 microscope and a FRITSCH laser particle-size analyzer (LPSA) to investigate the effect of droplet size on emulsion stability. The LPSA measurement range is 0.01-600 µm. GL-18 high-temperature disposable soda-lime-glass test tubes (18 × 180 mm) with an approximate volume of 32 mL and an operating temperature of 180 °C were used. The hightemperature tubes were sealed with a screw-cap and a rubber seal case to prevent evaporation. The lack of evaporation was confirmed by comparing the initial and final volumes of each sample at the end of the experiment. A laboratory oven (Fisher Isotemp 350G series 300, temperature range: ambient to 300 °C) was used to study the emulsion separation-specifically, the separated volume fraction of the phases versus time. A high-pressure cell mounted on the rheometer was used to perform all of the dynamic oscillatory measurements in the temperature range from 120 to 150 °C (248-302 °F) and at a pressure of 34.47 bar (500 psi), which is much higher than the water vapor pressure at 150 °C (~ 70 psi). Hence, water was in the liquid phase. Pressure was not expected to affect the gels' strength since the role of pressure was to keep the liquid in solution; the strain used was within the linear viscoelastic range. The dynamic measurements were conducted at a fixed strain of 10% and a frequency of 1 Hz (Hz); these conditions have been previously demonstrated to be within the linear viscoelastic range for PAM/ PEI (El-Karsani et al. 2015a, b) .
Emulsified gel preparation
Emulsified polymer gels solution was prepared in a systemic way to ensure the reproducibility of the systems. The polymer gels were prepared by adding a specific amount of PAM to water (either sea water or field mixing water) while stirring. Then the required amount of cross-linker (PEI) was added drop wise, the mixture kept under continuous stirring for an additional 10 min to acquire a homogenous solution. This blend is referred to as gelant. The emulsified system was prepared with ethoxylated amides surfactants. The emulsifier (at a specific concentration) was added to the diesel-phase. The emulsifier was given enough time to mix in the diesel thoroughly. Then, the desired volume of the water phase gelant (70 vol %) was slowly added to the hydrocarbon phase (30 vol %, diesel and emulsifier solution) while continuous agitation was performed for an extra 5 min until a homogenous emulsion obtained (Mohamed et al. 2015) . 
Results and discussion
To investigate the influence of different factors on the thermal stability and droplet size, we prepared emulsified gel samples at ambient temperature (25 °C). A specimen of each sample was used for particle-size analysis and microscopic observation. Simultaneously, the sealed case high-temperature test tube was used to study the thermal stability, where the separated volume fraction of oil and water phases was observed at a specific temperature. Notably, after 1 week, no water separation was observed in any of the samples.
Effect of mixing intensity
To study the influence of mixing speed, we prepared four emulsified gel samples at different mixing speeds ranging from 500 to 2000 rpm. As shown in Figs. 1, 2 and 3, the droplet size decreased with increasing mixing speed. The droplet size decreased from 467.67 to 61.65 µm (i.e., ~ 87% decrease, or a factor of 7.6) when the stirring speed was increased from 500 to 1500 rpm. However, when the mixing speed was increased from 1500 to 2000 rpm, a slight decrease in droplet size from 61.65 to 52.58 µm (i.e., ~ 15% decrease, or a factor of 1.2) was observed. Furthermore, the droplet size distribution was monodispersed at 2000 rpm, in contrast to the polydisperse distribution at the lower mixing speed (see Fig. 2 ). In addition, a visual increase in viscosity was observed with the increase in mixing speed, in agreement with previously reported observations (Al-Mutairi et al. 2007) . Figure 3 indicates that the emulsified system stability increased with increasing mixing speed. No separation occurred in emulsions prepared at 2000 rpm, whereas 18% of the diesel separated when the mixing speed was 500 rpm. This enhancement in the stability was likely caused by a reduction in droplet size and the slow coalescence and sedimentation rate at high mixing rates (see Fig. 2 ). The effect of the mixing intensity on the droplet size was correlated in the following form:
, where D Z is the droplet size in µm, RPM is the mixing speed, and a and b are constants.
Effect of salinity
A representative field-mixing composition-specifically, sea and formation brines-was used to study the influence of water-phase salinity. Note that the field-water salinity was not sufficient to produce a W/O emulsion; thus, 2 wt% KCl was added to the field water, resulting in an increase of salinity from 1122 to 21,122 mg/L. Three emulsified gels were formed using different water-phase salinity levels in the range from 21,122 to 221,673 mg/L. As appears in Fig. 4 , the droplet size slightly decreased with increasing salinity. The droplet size decreased from 61.65 to 55.46 µm (i.e., an ~ 10% decrease) when the water-phase salinity was increased from 21,122 (field) to 221,673 mg/L (formation). Figure 5 shows that insignificant increases/decreases in the stability were realized when the formation brine was used instead of the field water. Conclusively, no further increase in the stability was recorded when the salinity was increased beyond 20,000 ppm. This observation is explained by the increase in the repulsive forces between the dispersed phase (here, brine) droplets, leading to an increase in the brine droplets' double layer. Consequently, interfacial tension between the brine droplets will increase as a result of the increase in hydrophilicity, eventually causing the rate of droplet coalescence to decrease. The increase in stability with increasing salinity, as shown in Fig. 5 , is in agreement with previously reported results (Aveyard et al. 1989; McLean and Kilpatrick 1997; Al-Yaari et al. 2013a) . The relationship between the brine salinity and the droplet size was modeled in the form of D Z = aC S b , where D z is the droplet size in µm, C S is the salt concentration, and a and b are constants (see Fig. 4 ).
Effect of emulsifier concentration
The impact of the emulsifier dosage was studied through employing ethoxylated amides as an emulsifier; three emulsified gel specimens were produced with different surfactant concentrations in the range from 1 to 6 vol%. Figure 6 shows that the droplet size decreased with increasing emulsifier concentration: the droplet size decreased from 467.98 to .65 µm (i.e., an ~ 87% decrease, or a factor of 7.6) as the surfactant concentration was increased from 1 to 3 vol%, resulting in a 45% decrease in the volume of the separated diesel. An additional increase in the concentration from 3 to 6 vol% resulted in a 90% decrease in the separated diesel fraction (Fig. 7) . The increase in stability can be explained by the amount of emulsifier adsorbed at the interface, where emulsifier molecules act as a layer that inhibits the coalescence of droplets. Adsorption of more emulsifier molecules leads to a decrease in the interfacial tension between the dispersed and continuous phases, thus increasing the stability. The relationship between the emulsifier concentration (C E ) and the droplet size (D Z ) was modeled as shown in Fig. 6 .
Effect of water fraction
To examine the effect of the water-to-oil ratio (WOR), three emulsified gels samples were prepared. PAM and PEI at concentrations of 9 and 1 wt%, respectively, were used in the preparation of the gelant at different phase fractions in the range from 30 to 70%. As shown in Fig. 8a , b, the droplet size increased with increasing water-phase fraction and decreasing oil-phase fraction. The droplet size increased from 15.24 to 61.65 µm (i.e., ~ 400% increase, or a factor of 4) when the water-phase fraction was increased from 30 to 70% (the oil-phase fraction decreased from 70 to 30%). Figures 9 and 10 show that the stability of the emulsified gels increased with increasing water-phase fraction (decreasing oil-phase fraction): 5% of the diesel separated and 65% separation was observed when a 70/30 WOR was used to form the system. Interestingly, poor stability was observed at smaller droplet sizes, in contrast to earlier observations. This observation may indicate that additional factors control the emulsion stability or perhaps that the interaction between the water-phase molecules dictates system stability. As previously discussed, the salinity controls the interaction between the dispersedphase molecules. High stability was perceived at a high salinity due to the increase in the repulsive forces among brine molecules. Hence, at high water fraction, the effect of the salinity is more pronounced. The correlation between the WOR and the droplet size was linear, as shown in Fig. 8a, b , where WF and OF represent the water-and oil-phase fractions, respectively.
Effect of temperature
For the investigation of the influence of the temperature on the stability, four solutions containing (9/1) wt% PAM/PEI were formed at ambient temperature (25 °C). The effect of temperature was thereafter examined at various temperatures in the range from 25 to 120 °C (77-248 °F). Figure 11 indicates that the emulsified system stability decreased with increasing temperature. Approximately 3% of the diesel had separated after 1 h, and no water-phase separation was observed when the oven temperature was increased Fig. 9 Volume fraction of the emulsified gels at different WOR after 1 week at 25 °C from 25 °C (77 °F) to 60 °C (140 °F). Moreover, 30% of the diesel and 70% of the water phase was separated after 1 h when the temperature was increased from 60 °C (140 °F) to 120 °C (248 °F). This result represents a 91% increase in the fraction of the separated diesel (or a factor of 11.4), which reflects negatively on the stability, as shown in Fig. 11 . This effect on the stability may be due to the relationship between the temperature and the rate of coalescence; i.e., the coalescence is slow at low temperature. The increase of temperature results in a progressive increase in coalescence and in the sedimentation rate, leading to further separation.
Effect of stability on gel strength
Here, the influence of emulsification and separation time on gel strength and gelation kinetics is investigated. Three systems-one polymeric gel and two emulsified gel formulations (with different separation times)-were prepared in field missing water (FMW) at ambient temperature, each containing PAM/PEI (9/1) wt%. The effect of emulsification was then studied at 120 °C (248 °F). The two emulsified gel formulations were prepared as follows: in the first formulation, the emulsified gels were very stable, and no separation occurred during the test time, whereas the second formulation was fully separated within 60 min, as illustrated in Fig. 12 . Three characteristic regimes are detected in the results, as shown in Fig. 13 . An induction stage in which a low storage modulus Gʹ(t) was measured due to the low elasticity of the sample, whereas in the subsequent period, a sharp increase in Gʹ(t) values was observed. The inflection point is correlated with the onset of gelation. The third regime, signified by the plateau in the storage modulus values (G eʹ ), is associated with gel strength. Figure 13 shows that a longer gelation time was detected with emulsification. The gelation time was very close in the cases of polymeric gels (97 min) and the emulsified gels (111 min), where the sample completely separated within The G e ʹ decreased from 882.6 to 748.7 Pa (i.e., ~ 15% decrease) for emulsified PAM/PEI emulsified with complete separation. The emulsification effect was found to be more evident when the stable emulsified system (no separation) was studied, where G e ʹ decreased from 882.6 to 348.5 Pa (i.e., ~ 61% decrease), as shown in Fig. 13 . The aforementioned can be explained on the basis of the gelation kinetics. The gel strength increased with increasing temperature via cross-linking; thus, a low gel strength was measured when PAM/PEI was emulsified into the oleic phase via the low cross-linking density. This low gel strength may be due to the reduced heat transfer to the PAM/PEI in the case of emulsification; the results indicate that this reduced heat transfer will be the situation for the emulsified system until complete separation is achieved. Finally, the emulsification was found to reduce the gel strength and to lower the gelation rate. Nevertheless, the ultimate gel strength could theoretically be achieved if sufficient time is allowed for the emulsified system to fully break. Hence, the control of emulsification (separation time) is critical in treatment design in terms of gel strength and gelation time.
Effect of stability on gelation kinetics
The gelation kinetics of the polymeric gels and two emulsified gels during an isothermal regime were studied on the basis of the rheological data and the Avrami model, as discussed in detail elsewhere (Mohamed et al. 2015) ; the solution of Avrami's equation in the linear form is:
where m is an Avrami exponent associated with the gelation mechanism (nucleation), k (t) is the rate constant, t is the time during gelation and x (t) is the relative gelation, which is defined elsewhere as (El-Karsani et al. 2014) :
where G
and G
� (∞)
are the storage modulus at the onset of the gelation, the storage modulus at time t, and the ultimate equilibrium storage modulus, respectively. The results of isothermal regime analysis for the polymeric gels and the emulsified gels are shown in Fig. 14 . From the Avrami model, the values of m are calculated as 0.70, 0.79, and ~ 1, and the reaction rate constants, k, are 2.97 × 10 −3 min −1 , 3.05 × 10 −4 min −1 , and 2 × 10 −5 min −1 for the polymeric gel and the emulsified gels with complete separation and no separation, respectively. These results indicate that the crosslinking (gelation) rate in the unemulsified PAM/PEI is almost ten times higher than that in the emulsified gels with complete separation. This behavior is more pronounced in the case of no separation.
Conclusions
In general, this work provided insight into the factors that influence the droplet size and the stability of W/O emulsions. The relationship between the droplet size and emulsion stability was also investigated.
1. The general trend observed was that the stability increased with decreasing droplet size, in agreement with previous reports. This behavior could be due to the low coalescence rate at smaller droplet sizes. However, the opposite behavior was observed when low stability was observed for smaller droplet sizes (at high waterphase fraction and low oil-phase fraction); this phenom- enon requires further investigation. The droplet size was found to be correlated with different factors. 2. The droplet size was found to decrease with increasing mixing speed: an 87% decrease was achieved when the mixing speed was increased from 500 to 1500 rpm. However, a slight decrease (15%) was observed when the mixing speed was increased above 1500 rpm. The stability was enhanced at higher rates of mixing. Approximately 18% of the diesel was separated at 500 rpm, whereas no separation occurred at 2000 rpm. 3. The droplet size was established to increase with increasing WOR. Furthermore, the increase in the WOR resulted in an increase in the stability: 65% of the diesel separated when 30/70 WOR was used to form the system instead of 70/30 WOR. 4. Insignificant alteration in the droplet size and the stability was achieved when the formation brine, sea water, and field mixing water were used to prepare the emulsified gels, with high stability attained in the three cases. These observations likely result from high repulsion forces between the droplets of the dispersed phase at salinities > 20,000 mg L −1 . 5. The increase in surfactant concentration was found to increase the stability and decrease the droplet size: an 87% decrease in the droplet size was achieved when the concentration was increased from 1 to 3 vol%, which in turn led to a 56% decrease in the separated diesel. A further increase in the concentration from 3 to 6 vol% resulted in a 90% decrease in the separated diesel fraction. This behavior is associated with the number of emulsifier molecules adsorbed at the interface, causing a reduction in the interfacial tension between the continuous and dispersed phases. 6. The emulsified system stability decreased with increasing temperature. When the temperature was increased from 60 °C (140 °F) to 120 °C (248 °F), the separated diesel increased by 91% after 1 h. By contrast, no significant separation occurred at temperatures less than or equal to 60 °C (140 °F). 7. The emulsification reduced the gel strength and delayed the gelation process. When PAM/PEI was emulsified into diesel, a 61% reduction in the equilibrium storage modulus and a 2 h increase in the gelation time were recorded. However, when sufficient time was permitted for the emulsified system to completely separate, the ultimate gel strength could tentatively be attained. Hence, time is a critical parameter for the treatment design. 8. The cross-linking (gelation) rate in the unemulsified PAM/PEI was almost ten times higher than that in the emulsified gels with complete separation. This behavior was more pronounced in the case of stable emulsified PAM/PEI.
